Microbial communities display extreme diversity. A variety of strains or species coexist even when limited by a single resource. It has been argued that metabolite secretion creates new niches and facilitates such diversity. Nonetheless, it is still a controversial topic why cells secrete even essential metabolites so often; in fact, even under isolation conditions, microbial cells secrete a variety of metabolites, including those essential for their growth. First, we demonstrate that the leakage of essential metabolites can be advantageous. If the intracellular chemical reactions include multibody reactions, in particular, catalytic reactions, this advantageous leakage of essential metabolites is shown to be possible and indeed typical for most of metabolic networks via a mechanism termed as "catalytic flux control." Counterintuitively, the mechanism can work even when the supplied resource is scarce. Next, when such cells are crowded, the presence of another cell type, which takes up and consumes the leaked chemicals is beneficial for both cell types, so that their coexistence enhances the growth of both. The latter part of the paper is devoted to the analysis of such unusual form of symbiosis: "consumer" cell types benefit from the uptake of metabolites secreted by "leaker" cell types, and such consumption reduces the concentration of metabolites accumulated in the environment; this environmental change enables further secretion from the leaker cell types. This situation leads to frequency-dependent coexistence of several cell types, as supported by extensive simulations. A new look at the diversity in a microbial ecosystem is thus presented.
In microbial communities, extremely diverse strains or species coexist [1] [2] [3] . Even when limited by a single nutrient, a variety of species coexist rather than a single fittest type competitively excludes all others [4, 5] . It has been argued that metabolite secretion can in principle create new niches and allow for their coexistence [5] [6] [7] [8] , whereas the competitive exclusion principle suggests that multiple species cannot coexist when the growth is limited by the same single environmental resource [9, 10] , known also as Gause's limit [11] . Nonetheless, it is still unclear why cells secrete produced metabolites so often.
Indeed, even under isolation conditions, microbial cells secrete various metabolites, despite the naï ve expectation that leakage and loss of metabolites will hinder cellular volume growth. Of course, it is evident that every cell should dispose of toxic compounds [12, 13] or, according to classical syntrophy, inhibitory or waste byproducts [14] [15] [16] . Recent studies on the exometabolome [17] , however, revealed that many microorganisms leak (and take up) a variety of metabolites that are necessary for growth, including most intermediates of central metabolism [18] . Although some metabolic intermediates are considered possibly inhibitory at a substrate excess [19] , the leakage of various metabolites is observed even when the supplied resource is scarce [18] . Why do cells secrete even essential metabolites so often? A simplistic answer is that small metabolites inevitably leak, regardless of whether the leakage inhibits cell growth. An alternative possibility, however, is that there are some benefits for cells when they leak chemicals necessary for their growth. Is such advantageous leakage really possible for a class of intracellular metabolic reactions, and if so, how is it possible and how general is it? These questions are addressed in the first part of this paper.
To answer the questions, we analytically and numerically investigated dynamical-system models of a cell with simple metabolic reactions. We show that the leakage of essential chemicals can counterintuitively enhance the cell growth even during nutrient limitation. Such advantageous leakage can generally work in metabolic reaction networks consisting of many components and can be explained by the basic mechanism termed as "catalytic flux control."
In the first part, the cell growth promotion by leakage of metabolites is considered for an isolated cell in a given chemical medium. On the other hand, the medium changes as metabolites are secreted by some cells, which will then affect the growth of other cells in the same medium. Now the second set of questions we address are at the level of a microbial community: how the cellcell interaction mediated by this advantageous leakage influences the community of cells of different types, and whether it can lead to stable coexistence of diverse cell types (e.g., different species, strains, or mutants [20, 21] ) rather than the dominance of a single fittest type.
Let us consider the situation where many cells of the same type exist in a medium. Then, the leaked chemical will gradually accumulate in the medium, and this change in the medium will hinder further leakage and suppress cell growth. At this stage, the presence of another cell type that consumes the leaked chemical will be beneficial for the leaker cell. In contrast, sustained chemical supply from the leaker cell of course is useful to the consumer cell type. If this is the case, leaker-consumer mutualism can be established even if the two cell types have different growth rates in isolation. Here we will address the question whether such coexistence by mutualism is really possible and under what conditions it emerges.
In fact, the origins of (and possible mechanisms allowing for) the microbial community of diverse cell types have often been discussed. A constructive laboratory experiment has revealed that stronger cells with higher glutamine synthetase activity coexist with weaker cells, via leakage of glutamine synthesized by the former [21] . Lenski et al. have stressed the importance of chemical leakage by proposing the black queen hypothesis, a theory on the evolution of metabolic dependency based on gene loss [22, 23] . In these studies, however, whether the leakage is beneficial for the stronger leaker cells is not addressed. Leakage is simply assumed to be inevitable due to the properties of a permeable membrane [23] [24] [25] , even though it may be disadvantageous. In this sense, there is no reciprocity between the leaker and the other cells; then why have the stronger cells not evolved to decrease the leakiness? In contrast, the present paper shows that cells tend to actively secrete essential metabolites for increasing their growth rate, and this metabolic secretion facilitates the invasion of other cell types that can utilize the secreted metabolites.
As a consequence of each cell's optimization of its own growth, various types of cells actively leak and take up a variety of essential metabolites as if cells practice socalled "potlatch," the ritual competition in gift-giving [26, 27] , eventually leading to symbiotic coexistence and prosperity of diverse cell types. This novel scenario will explain why the single strongest type does not dominate as a result of evolution.
THE MODEL OF LEAKAGE BY AN ISOLATED CELL
Let us consider an isolated cell that contains n kinds of chemical components as in Refs. [28] [29] [30] . The cellular state is expressed by concentrations of the n components, 
for passive diffusion; for active transport, the uptake and secretion proceed in ways like [29] .
Then, the time-dependent change in the ith chemical's concentration, x i , can be written aṡ
where µ(x) is the growth rate of cell volume, and the third term represents the dilution of each chemical owing to this cellular volume growth. We assume that a steady state (i.e., a stable fixed point) x = x * exists, where 
). By means of the Jacobi matrix J = ∂G/∂x| x=x * , δx and δµ are derived as follows (see SI for the derivation):
Because x * is a stable fixed point, all the eigenvalues of J are negative; that is, J is a negative definite matrix. Thus, the determinant of J is nonzero, and the inverse matrix of J exists. The negative definiteness of J also causes the concentration of the single leaked chemical to always decrease, as proven in SI.
We will study how the infinitesimal leakage of a chemical can promote cell growth, via analytical and numerical calculation of δµ. The results can be straightforwardly applied to multiple-chemical cases because the change due to leakage of multiple chemicals equals the sum of the changes due to leakage of each chemical if it is small. 
ADVANTAGEOUS LEAKAGE OF A NECESSARY CHEMICAL BY AN ISOLATED CELL: THE MECHANISM AND SIMPLE EXAMPLES
We now investigate how δµ can be made positive by leakage of a necessary chemical, whereas leakage of unnecessary chemicals is evidently advantageous, as seen in classical syntrophy (see also SI). Here, a chemical is defined as unnecessary if the cellular growth rate is maximal when its concentration is fixed at zero. In contrast, we refer to necessary chemicals as "leak-advantage" chemicals when their leakage promotes the cell growth.
For simplicity, we assume that the cell growth is determined only by the synthesis of biomass or membrane component(s) and that no chemicals directly retard the cell growth because we are not concerned with unnecessary chemicals. It follows that growth rate µ(x) is an increasing function of the concentrations of precursors of biomass or membrane and does not explicitly depend on the concentrations of the other chemicals: ∂µ ∂xi ≥ 0 for ∀ i. Even in this case, we will demonstrate that leakage of essential chemicals can promote the cell growth because of the mechanism which we call as catalytic flux control (Fig. 1A) .
The Mechanism behind the Leak Advantage
First of all, we show that leakage cannot promote the cell growth if intracellular chemical reactions include only one-body reactions like i → j (or, in general, i → j 1 + j 2 + · · · + j m ). Considering each elementary reaction, the additional leakage of substrate i decreases the abundance levels of substrate i and product j. Likewise, the leakage of product j simply decreases its concentration without changing x i . Because additional leakage of chemical i or j cannot increase their concentrations, in a system consisting of a combination of such one-body elementary reactions, concentrations of any chemicals cannot be increased by leakage. Thus, leakage cannot increase the reaction rate of biomass synthesis, that is, the growth rate of the system. This intuitive explanation is analytically proven in SI.
On the other hand, if the intracellular metabolism includes multibody reactions such as catalytic reactions, then the situation is different. We explain the mechanism by considering catalytic reaction i + k → j + k, where i also works as the substrate or catalyst of some other reaction(s) (Fig. 1A) . Since the leakage of enzyme k lowers its concentration x k , it reduces the reaction rate from i to j. It thus decreases x j , but increases x i ; as a result, the flux of another reaction with i can be enhanced.
The leakage of enzyme k thus increases the growth rate if chemical i is the substrate or enzyme of another reaction that contributes to biomass synthesis more than the reaction(s) with chemical j do. This way, the leakage of k controls the metabolic fluxes and can be advantageous when the flux of reaction i + k → j + k is too fast compared with that of another reaction with i. We call this mechanism as catalytic flux control.
The leak advantage can generally appear in other multibody reactions. In general, an elementary multibody reaction can be expressed as
. Although the leakage of products j l cannot directly increase concentrations of any chemicals, the leakage of catalysts k l can increase the concentrations of the reactants. The flux of the biomass synthesis reaction therefore can be increased by catalytic flux control. It is noteworthy that if multiple reactants are present (i.e., n ≥ 2) like i 1 + i 2 → j, the leakage of a reactant (e.g., i 1 ) can increase the concentration of the other reactant(s) (e.g., i 2 ). This mechanism can work even without a catalyst, that is, n = 0; however, this paper does not consider multibody reactions without a catalyst.
Examples of Catalytic Flux Control
We here explain the catalytic flux control mechanism by reviewing specific examples, where cell growth is promoted by increasing the diffusion coefficient of a necessary non-nutrient chemical, from zero to positive. In the following examples, x (env) is assumed to be x (env) i = S env if chemical i is a nutrient, and x (env) i = 0 otherwise. Here, we assume passive diffusion,
Note, however, that catalytic flux control works even for active transport of chemicals.
The first example consists of substrate S, enzyme E, biomass precursor P , biomass M , and the following reactions ( Fig. 1B) :
The evolution of the concentrations is given by
where the growth rate is defined as the synthesis rate of biomass M from biomass precursor P , so that µ(
The change in growth owing to leakage, δµ, is obtained by numerically calculating the steady state x * and Eq. (1). Figures 1C and 1D show that the leakage of enzyme E is beneficial within a wide range of parameters, although all chemicals-S, E, and P -are necessary for the cell growth. In this Example 1, a leak advantage appears when S env is large, i.e., when the supplied nutrient is abundant (Figs. 1D and 1E ). Here, chemical S corresponds to i in Fig. 1A , whereas E corresponds to both j and k therein. The leakage of E (i.e., an increase in D E ) decreases x E and the flux from S to E and thus raises x S , leading to upregulation of the flux from S to P and x P . This way, growth rate µ(x) = k P →M x P x E increases if the rate constant of reaction S + E → E + E, k S→E , is relatively large (Fig. S1) .
When x * of a system can be explicitly solved as a function of µ and D, one can analytically determine whether δµ is positive or not as follows. In Example 1 with D P = 0, x * S , x * E , and x * P are analytically solved as functions of µ and D E , from the stationary conditionẋ S =ẋ E =ẋ P = 0. Substituting them into µ = k P →M x P x E , we obtain the following self-consistent equation:
The right-hand side, denoted by g(µ, D E ), is a decreasing function of µ for µ > 0 and D E ≥ 0. Accordingly, the sign of partial derivative
, 0) are analytically determined as described in SI; this analytical calculation is in good agreement with the result of numerical simulations (Fig. 1D) .
Actually, the present catalytic flux control mechanism can work indirectly through leakage of a chemical (that serves for the synthesis of an enzyme) instead of the enzyme itself. As an example, consider a network where intermediate chemical I is added to the reaction network of Example 1 ( Fig. 2A) :
In this Example 2, the leakage of intermediate I (or enzyme E) reduces the abundance of E, thereby leading to the promotion of cell growth in the same way as in Example 1. In Example 2, the smaller the substrate concentration S env , the broader is the parameter region for the leak advantage ( Fig. 2B and 2C ). This case reveals that the leak advantage due to catalytic flux control appears not because the substrate is in excess; it can work even when the influx of the substrate is low. This situation is in contrast to the obvious expectation that metabolite secretion may be beneficial only when the substrate is abundant [19, 31] .
Note that although Examples 1 and 2 include branching reactions, e.g., S → P and S + E → I + E, such ramification is not necessary for catalytic flux control to work. It can function even for chain-structured networks as presented in SI.
Another possibility of catalytic flux control is to explicitly consider the formation of a complex, as is adopted in Michaelis-Menten kinetics. In this case, competitive inhibition takes place when an enzyme catalyzes multiple reactions because the formation of a complex between a substrate and enzyme suppresses the other reactions involving them. The leakage of a competing substrate or enzyme can reduce this competitive inhibition, thus possibly promoting the cell growth (see SI). In this paper, however, we assume that complexes are not formed during catalytic reactions for simplicity, and the reactions proceed simply according to the law of mass action. Hence the mechanism involving the competitive inhibition is ruled out.
STATISTICS OF RANDOMLY GENERATED NETWORKS FOR ISOLATED CELL'S LEAKAGE
We thus far explained the elementary mechanism by which leakage of a necessary metabolite promotes cell growth, via simple examples. The present section indicates that a leak advantage is common even among complicated reaction networks. For this purpose, we randomly generated thousands of catalytic reaction networks including biomass synthesis, which determines the growth of cell volume (see SI for details). In the environmental condition fixed as S env = 0.1 and D S = 1, we checked whether the growth with each network is enhanced by increasing the diffusion coefficient, D i , of each non-nutrient component i. Figure 3A 
Remarkably, the proportion of leak-advantage networks is greater than 50% at ρ = 2.5, 3 in the case of n = 20 (Fig. 3A) , and Fig. 3B suggests that this proportion gradually increases with n. Hence, the presence of leak-advantage chemicals seems to be a generic property of complicated catalytic reaction networks. Figure 3B also presents the average number of leakadvantage chemicals, which also increases with n. When n ≥ 20, each randomly generated network contains more than one leak-advantage chemical on average. Because metabolic networks in the cell contain a large number of chemical components, it is likely that leak-advantage chemicals are common.
In Fig. 3A , the proportion of leak-advantage networks has a peak at finite ρ, and this situation is explained as follows. If path density is too low, each chemical is rarely involved in multiple reactions, whereas a chemical must contribute to multiple reactions for the catalytic flux control mechanism to work. On the other hand, if path density is too high, all the chemical reactions are extremely tangled, and the leakage of a chemical will reduce the flux of almost all reactions, thereby leading to a decrease in the growth rate.
SYMBIOSIS AND LEAKAGE IN ECOLOGY
As discussed thus far, the growth rate of an isolated cell can be increased by leakage of some necessary chemicals. Given such advantageous leakage, cells will adopt a strategy to actively secrete metabolites into the environment to optimize their growth; this optimization may result from adaptation within a generation or evolution over generations. When cells of only one type that has a leak-advantage chemical are present, the secreted chemical accumulates in the environment so that further secretion turns out to be harder. Then, if there are cells of a different type that benefit from consuming the secreted chemical, the concentration of the accumulated chemical diminishes, facilitating leakage from the former (secreting cells). On the other hand, such additional leakage also promotes the growth of the cells that consume the leaked chemical. This way, mutualism can be achieved via a secreted metabolite, and the growth rates of different cell types finally become equal. This state of affairs will make the coexistence of different strains or species possible, leading to the symbiosis of multiple cell types.
To consider the cell-cell interaction by the transport of chemicals via the environment, external concentrations x (env) are regarded as a variable. We then investigate the population dynamics of multiple cell types with different reaction networks and test whether they coexist in the common environment; the volume of the environment relative to the total volume of all the coexisting cells is designated as V env . The population fraction of cell type j, given by p j , evolves according to the equatioṅ
where µ j is the growth rate of each cell type andμ ≡ j p j µ j is the averaged growth rate [32] . In the external medium, the secreted components are weakly degraded or flowed out at rate R deg , so that the concentration changes asẋ We first consider the simplest situation: symbiosis between two cell types in which the leaker cells secrete a metabolite and the consumer cells take it up and consume it to grow. For simplicity's sake, the network structure of Example 1 is adopted both for the leaker and consumer cell types, whereas rate constants k S→E are different between the two (Fig. 4A ): k S→E = 0.9 for the leaker and k S→E = 0.1 for the consumer, so that the leakage is beneficial only for the former type. The rate constants are chosen so that the leaker's growth rate µ (leaker) with optimal diffusion coefficient D (leaker) E is higher than the consumer's growth rate µ (consumer) with D (consumer) E = 0; otherwise, µ (consumer) is always greater than µ (leaker) and the consumer cell type is dominant in the environment.
Numerical simulations showed that the mutualism between leaker and consumer cell types is actually achievable: with the diffusion coefficients corresponding to the red diamonds in Fig. 4B , the leaker and consumer cells coexist (i.e., the growth rates of the two cell types are consistent) and the growth rate during coexistence is higher than that for the case where cells of only one type are present. When D are large, the leaker and consumer cell types can still coexist, but the leaker's growth rate is lower than that in the case where only the leaker cell type is present, that is, parasitism rather than mutualism is realized; this is because too much leakage of necessary chemical E is disadvantageous to the leaker. Figure 4B , however, also indicates that the fastest growth is achieved by mutualism for both cell types. Accordingly, if both cell types adaptively alter their diffusion coefficients, parasitic coexistence is impossible, but mutualistic coexistence follows naturally. Figure 4C reveals that the leaker-consumer symbiosis The dependence of the population ratio on n. Venv is set to 5. In both panels (A) and (B), the colored bars illustrate the frequency of symbiosis among two to six species, whereas the gray bar shows that of noncoexistence; the frequency is calculated from random implementations where the cell type with the fastest growth in isolation has a leak-advantage chemical in its reaction network. (C) Examples of metabolic exchange via the environment among five (i) and six (ii) coexisting cell types at n = 20. Symbiosis among multiple cell types raises growth rate µ symbiosis higher than that in the case where a single cell type is present, µ single . Pink and light-blue arrows respectively indicate leakage and uptake of each chemical component. In all the numerical simulations, the other parameters are fixed:
is achieved if R deg and V env are not so large, that is, if the secreted metabolite is efficiently transported to the other cell type. When degradation rate R deg and environment size V env are too large for the secreted metabolite to sufficiently accumulate in the environment, the cell types no longer coexist, and only the leaker cell type survives.
Symbiosis among Randomly Generated Networks
In the last subsection, coexistence of multiple cell types via secreted metabolites can be stably achieved when each cell type changes its diffusion coefficients through adaptation. Indeed, the transport of chemicals between leaker and consumer cell types can be bidirectional if various chemicals are permeable, thus leading to more complicated forms of symbiosis.
To investigate the possibility of symbiosis among more cell types, we extended the model of the last subsection to include a variety of cell types with different catalytic networks. New cell types with N = 50 randomly generated networks are added into the environment one by one; then, the new cell type optimizes the diffusion coefficients so that its growth rate is maximal at environmental concentration x (env) . After the addition of each cell type, the population dynamics of Eq. (2) are computed over sufficiently long period T , until the population distribution reaches a steady state; here some (most) cell types may become extinct. After this procedure, each surviving cell type can gradually alter its diffusion coefficients so that its growth rate increases; all the coexisting cells simultaneously alter their diffusion coefficients until convergence (see SI for details).
The above model was numerically studied to test whether symbiosis among cells with randomly chosen different networks is achievable. Figure 5A illustrates the dependence of the proportion of samples manifesting symbiosis upon the size of the environment V env . As V env is decreased, the cell-cell interactions become stronger because the secreted chemicals are less diluted. Hence 1/V env serves as an indicator of the strength of cell-cell interaction. Indeed, for smaller V env , symbiosis is achieved more frequently by exchange of metabolites via the environment. Note that when V env is too small (V env 1, i.e., the total volume of cells equals that of the environment), the environmental concentration is sensitively affected by the addition of new cell types, and therefore coexistence of multiple cell types tends to be unstable.
For V env = 5, symbiosis of multiple cell types in a single-nutrient condition is achieved in more than twothirds of the trials as long as the strongest cell type has a leak-advantage chemical (Fig. 5A) . Figure 5B shows that the frequency of symbiosis tends to increase as the number of chemicals n grows. This result suggests that symbiosis among multiple cell types via a leak advantage is commonly achievable for typical microbes that contain many chemical components.
By examining how metabolites are exchanged via the environment (Fig. 5C) , we demonstrate that coexistence of multiple cell types in a single-nutrient condition is achieved by the leakage and uptake of multiple metabolites. In an example of symbiosis among five cell types in Fig. 5C(i) , the leaker-consumer relations via metabolic exchanges are hierarchical and cyclic: chemical 13 unidirectionally flows into the strongest cell type from anothe type. Two cell types use the common leaked chemical (15) that leaks out from the strongest leaker cell type, whereas three cell types, including the above two, cyclically exchange different chemicals (3, 6, 8) to optimize their growth. Some chemicals (4, 14, 17) are leaked, but no cell types consume them. Another example of symbiosis among six cell types is shown in Fig. 5C (ii).
DISCUSSION
In this paper, we first demonstrated that microbial cells can optimize their growth by increasing the leakage of essential metabolites, rather than by changing the enzymatic activity. The basic mechanism behind the leak advantage is catalytic flux control: by reducing a flux in a catalytic reaction path through passive or active secretion, another flux leading to cell growth is enhanced. Even though the growth promotion by the leakage of essential components is counterintuitive, it has been elucidated both by analytical and numerical analyses of models of simple intracellular reaction dynamics as well as of randomly chosen reaction networks.
In fact, many kinds of microorganisms secrete a variety of essential metabolites such as central-metabolic intermediates [18] and vitamins [33] as well as hundreds of amino acids and sugars [34] [35] [36] ; an archaeon transfers lipids and possibly even ATP [14, 37] . The present study suggests that the leakage of such metabolites indeed can be beneficial for cellular growth, and the control of leakage provides a possible means of adaptation. The present leak-advantage theory can be verified in bacterial and other microbial experiments by fixing the concentration of such secreted chemicals in the culture medium by means of a chemostat and by measuring the dependence of the cellular growth rate upon the extracellular concentration.
In the latter part of the paper, we showed that symbiosis among cells of different types can be achieved by employing the leak advantage. As the density of cells is increased, the metabolites secreted by leaker cells accumulate in the environment, thereby preventing further leakage; even with active transport, metabolite accumulation causes higher costs for leakage because of the increase in the chemical potential. The cell growth is thus suppressed. Consequently, coexistence with a different cell type that consumes the leaked chemical for its growth is of benefit for the leaker cells, whereas the growth of the consumer cells is supported by the leaker cells. Both cell types increase their growth rates through cell-cell interaction mediated by the secreted metabolites. Indeed, facilitation of the growth by coexistence of different strains or species in several experiments has been reported [20, 36, 38, 39] . From the theoretical perspective, it should be noted that the coexistence of diverse cell types here is attained and analyzed only by adopting multilevel dynamics between intercellular population dynamics and intracellular metabolic dynamics and cannot be captured by the standard population dynamics of the Lotka-Volterra type.
In the leaker-consumer mutualism, the benefit for leaker cell types is indirect; it is due to the consumption of accumulated chemicals by consumer cell types, which is favorable when the density of leaker cells is high enough. The leaker-consumer mutualism is thus frequency dependent; whether it works depends on the degree of interaction via the secreted chemicals. In the present model, this degree depends on the relative volume of the medium toward that of a cell V env (i.e., the inverse of cell density), and on the degradation rate of chemicals in the medium R deg . If V env and R deg are large enough, the leaker cells can continue to leak chemicals efficiently without the consumer cells, so that there is no room for synergy. In this sense, the leaker-consumer mutualism is different from ordinary forms of cooperation or division of labor [30, 42] . In some cases, however, each cell can simultaneously play roles of a leaker and consumer for different chemicals; consequently, metabolic division of labor is achieved.
Furthermore, the symbiosis through the leak advantage sheds new light on the black queen hypothesis [22, 23] , in which chemicals that are secreted by a species support the growth of the other ones, as in the present study. This hypothesis, however, does not tell us anything about whether the leakage of the chemicals offers some advantage for the leaker cells, where the leakage is simply assumed to be inevitable due to the properties of a permeable cell membrane. That is, the black queen scenario is for evolution of parasitism or free riding, does not deal with mutualism, and assumes that one species, called the black queen, is forced to leak chemical products even without any advantage for itself. Although this assumption is not unreasonable and is consistent with some empirical observations [23, 40, 41] , it does not explain why the cells have not evolved mechanisms to suppress the leakage. In contrast, our results point to another possibility: that some microbial cells secrete chemicals just because this process is beneficial for them. In this sense, the "richer" cells "donate" their products to "poorer" cells or dispose of these products, whereas this donation or disposal is also advantageous for the richer cells themselves, as if the cells are practicing a kind of "potlatch" often seen in human society [26, 27] .
Indeed, the coexistence of multiple species via active secretion of chemicals has been discussed as classical syntrophy [14, 15] in microbial communities; however, it is generally assumed that the leaked chemicals are useless or inhibitory to the leaking species itself but are useful for the other species. Such chemicals could surely exist, but more frequently, the leaked chemicals are useful for both species. The present study considers the latter case, whereas the former case is not ruled out either.
Finally, let us discuss if and how a leak advantage has been acquired in the course of evolution. Although genetic regulation of enzymatic activity is a well-known means to optimize cell growth [43] , cell growth can be also optimized by altering the leakiness in passive and active transport that possibly works during one or several generations. Nevertheless, one might naï vely expect that evolutionary change in the enzymatic activity will lead to optimized growth without leakiness. Still, these optimized intracellular dynamics generally depend on the environmental conditions; as the cell number increases, the environment inevitably becomes crowded, and cellcell interactions through secreted chemicals cannot be disregarded. Then optimization under isolation conditions no longer works, unless cells find an optimized solution without any secretion of chemicals. Finding such a solution, even if it exists, via evolution may take many generations; before such isolated optimization is reached, other cell types that consume secreted chemicals will either emerge through evolution or invade from elsewhere, thereby also enhancing the growth of the leaker species. A symbiotic relationship with different cell types will then develop. There will be many such possibilities, as revealed in this paper. If the evolution of symbiosis with cell-cell interaction sets in, further complexification by additional species will evolve as we saw in the last subsection. Once this evolution with coexistence of multiple species occurs, it would be more and more difficult to find through evolution the fittest solution for the single species during isolation that excludes all other species. Indeed, in some experiments, coexistence via metabolite secretion emerges de novo [36, 44, 45] , whereas nonspecific metabolic cross-feeding is reported to lead to coexistence of different phenotypes in such a community [5, 46] .
To sum up, we have shown that leakage of essential chemicals from cells can facilitate their growth, and such leaker cells can establish a symbiotic relationship with other cell types that use the leaked chemicals for their growth. This "cellular potlatch" generally emerges when the intracellular metabolic network is complex, which will provide a basis for a complex microbial ecosystem with diversity of strains.
